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(57) Abstract 

A current modulator for modulating the cur- 
rent flowing through a load (12) from a DC power 
supply (Vj) to circuit ground. A switching device 
(Ql) is connected between the load (12) and circuit 
ground for varying the current through the load (12) 
in response to a modulating signal (14) applied to 
the switching device (Ql). A first inductance coil 
(LI) is connected between the switching device (Ql) 
and the load (12). A second inductance coil (L2) is 
mutally coupled to the first coil (Li) for receiving 
energy induced in the first coil (LI) by the current 
variations. The second coil (L2) is conductively iso- 
lated from the first coil (LI). A diode (D2) is con- 
nected between the second coil (L2) and the power 
supply side of the load (12) for transferring the re- 
ceived energy back to the power supply side of the 
load (12). 
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-EFFICIENT CURRENT MODULATOR USEFUL WITH INDUCTIVE LOADS " 
BACKGROUN D OF THE INVENTION 

The present invention pertains to current modulators and 
is particularly directed to enhancing the utility , and improving 
the efficieny of current modulators that are used, for modulating 
the current flowing through a load from a DC power supply -to 

circuit ground. 

In prior art current modulators of th-is type, a 
switching device is connected between the load stand circuit ground 
for varying the current through the load in response to a modu- 
lating signal applied to the switching device. An overshoot 
clipping diode is connected between the switching device arid the 
power supply side of the load for protecting th«e load and the 
switching device and the power supply side of the load fox- 
protecting the load and the switching device from excessively 
high currents. 

Such prior art current modulator cannot, be operated to 
produce an alternating current through an indue tive load. Be- 
cause the voltage at the switching device side of the load would 
exceed the power supply voltage during each half cycle, whereby 
the diode would become forward biased and effec-fcxvely cause a short 
circuit across the load. 

SUMMARY OF THE INVENTION 



The present invention provides an efficient current 
modulator that is useful with inductive loads. 



1VJLY U5H2/UJL243 



-2- 

The present invention is a current mocLxxLator for modu- 
li 

lating the current flowing through a load from a. DC power supply 
to circuit ground , including a switching device connected between » 
the load and circuit ground for varying the current through the 
5 load in response to a modulating signal applied fco the switching 
device; a first inductance coil connected between the switching 
device and the load; a second inductance coil mu/tually coupled 
to the first coil for receiving energy induced :Lix the first coil 
by the current variations; and a diode coupled between the second 

10 coil and the power supply side of the load for treuisf erring the 

received energy to the power supply side of the load. The second 
inductance coil is conductively isolated from the first inductance 
coil. As a result when the diode becomes forward biased for 
transferring energy to the power supply side of the load, it 

15 nevertheless does not cause a short circuit across an inductive 
load. 

* 

Because energy is returned to the power supply side of 
the load by the diode, the current modulator of -fche present, 
invention is more efficient- 
20 . The efficiency of -the current modulatozr: is fur titer in- 

creased by using a high frequency switching devd.ce. Less power is 
lost in a high frequency switching device because it has shorter 
turn-on time. 

The efficiency of the current modulated or is still further 
25 enchanced by providing that the mutually couple<3. inductance coils 

have an air core. The combination of air core inductance coils and 
switching at a high frequency reduces heat loss in the inductance 
coils. 

Additional features of the present indention are describe^ 
30 in the description of the preferred embodiments - 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a combination block and schematic circuit 
diagram of a preferred embodiment of the curren-fc modulator of the 

present invention. 

Figure 2 is a schematic circuit diagram of the modulating 
signal generator included in the current modula-fcor of Figure 1. 

Figures 3A through 3E illustrate waveforms of signals 
produced in the modulating signal generator of IFigure 2. 

Figure 4 is a combination block and schematic circuit 
diagram of another preferred embodiment of the current mooUalator 
of the present invention. 

Figure 5 is a schemtatic circuit diagram of the modu- 
lating signal generator included in the current modulator of 
15 Figure 4.' 

Figures 6A through 6F illustrate waveforms of signals 
produced in the modulating signal generator of figure 5. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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Referring to Figure 1, a preferred emJaodiment of the 
current modulator of the present invention includes a high, frequency 
switching device Ql, a first inductance coil LI r a second in- 
ductance coil L2, two diodes Dl and D2, three capacitances Cl, C2 
and C3 and a modulating signal generator 10. Trie switching device 
Ql is a VMOS FET power transistor which is capable of switching 
at high frequencies. The transistor Ql is connected between a 
load 12 and circuit ground for varying the current through the 
load 12 in response to a modulating signal applied on line 14 
to the gate of the transistor Ql from the modulating signal 
generator 10. A DC power supply terminal V g is coupled to the 
other side of the load 12 by a protective diode Dl. The load 12 is 
isolated from circuit ground by the capacitance s Cl and C2 . 



The first inductance coil LI is connected between -the 
transistor Ql and the load 12» The second inductance coil L2 
is mutually coupled to the first inductance coil 1*1 for ? 
receiving energy that is induced in the first irxchictance coil Ll 
5 by variations in the current through the load 12. The first and 
second inductances Ll, L2 are tightly wound on an air-filled 
core by a bifilar, or preferably a coaxial winding. 

The first and second inductances Ll, 12 are conducrfcively 
isolated from each other , i.e. there is no DC cxajrrent patii 
10 between the coils Ll and L2. However , the coils III and 1.2 are 

coupled by the capacitance C3 to minimize any problems that could 
arise due to poor mutual coupling- between the coils Ll ancL 12* 

The diode D2 is connected between the second inductance 
coil L2 and the power supply side of the load 12 for transferring 
15 the received energy from the second coil L2 to -fclie power supply 
side of the load 12. 

The modulating signal generator 10 is aLcLopted for applying 
a high frequency pulsed modulating signal to *ttx«3 gate of the 
switching transistor Ql. The high frequency clxo sen in this 
20 preferred embodiment is 100 kHz. 

A preferred embodiment of the modulating signal generator 

10 r as shown in Figure 2, includes a free runndLng oscillator 
consisting of a Schmitt inverter II, a resistance Rl and a 
capacitance C4 for providing a high frequency jpxxlsed square wave 

25 signal on line 16, as illustrated in Figure 3A. The resistance 

Rl -is . connected between the input and output of the inverter 11 and 
the capacitance C4 is connected between the in;£>axfc of the ±xiverter 

11 and circuit ground. 

The modulating signal generator 10 furfclier includes a * 
30 differentiating circuit consisting of a capacitance C5 an<3 a 

resistance R2; an npn transistor Q2; a current limiting * 
resistance R3; a capacitance C6 and a comparator consisting of 
a high gain amplif ier Al. 




The square wave signal on line 16 is clif ferentiated by 
the differentiator circuit C5, R2 to cause the -transistor Q2 to 
be turned on each time there is a positive going transition in 
the square wave on line 16. The capacitance C6 is discharged 
each time the transistor Q2 is turned on, but then is charged 
by the' current through the resistance R3 from a DC supply voltage 
terminal V c while the transistor Q2 is turned off. As a result, 
a sawtooth waveform is provided on line 18 to one input terminal 
of the comparator Al, as shown by the solid line An Figures 3B , 
and 3D. 

A low frequency reference signal V R is applied to the 
other input terminal of the comparator Al for comparison with 
the sawtooth 'signal on line 18. The frequency of the reference 
signal V R is chosen in accordance with what predetermined low 
frequency the current through the load 12 is to be varied. 
Typically, the predetermined low frequency is 50 or 60 Hz. 

The amplitude of the reference signal V R varies at the 
predetermined low frequency. When the reference signal V R has 
a relatively high amplitude (as shown in Figure 3B) , a pulsed 
high frequency modulating signal having a relatively short 
duty cycle (as shown in Figure 3C) is provided on line 14 from 
the output of the comparator Al to the gate of -the switching 
transistor Ql (Figure 1) . When the reference s signal has a 
relatively low amplitude (as shown in Figure 3D > , a pulsed 
high frequency modulating signal having a relatively long auty 
cycle (as shown in Figure 3E) is provided on line 14 from the out- 
put of the comparator Al. 

The amplitude of the current through -the load 12 is 
proportional to the amount of time that the switching transistor 
Ql is turned on, which is in turn proportional to the duty cycle 
of the pulsed high frequency modulating signal. Accordingly, the 
current through the load 12 is varied at the pr ^determined, low 
frequency of the reference signal V R . 
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The inductance value of the f irst inductance coil LI is 
chosen to have enough inductance to allow only negligible current 
to build up when the pulsed modulating signal on line 14 has a 
minimum discrete duty cycle, and to allow a relatively large 
current to build up when the pulsed modulating signal on line 14 
has a maximum discrete duty cycle. When the current through the 
first inductance coil LI is terminated during each pulse upon 
the switching transistor Ql being turned off , tra^ stored energy 
in the two mutually coupled' inductance coils Ll and L2 results 
in a high positive voltage at point 20 on the switching transistor 
side of the first coil Ll. This is commonly known as over-shoot. 
Overshoot is minimized in the current modulator of the present 
invention by coupling induced energy from the fiarst coil Ll to 
the second coil L2 and returning the energy received by the second 
coil L2 back to the power supply side of the load 12 via the diode 
D2. if overshoot was not minimized, it typically would damage the 
switching transistor Ql and the first coil Ll. The energy -that 
returned back to the power supply side of the lead 12 via the 
diode D 2 reduces the current that must be supplied from the power 
supply terminal V g through the diode Dl by an amount equal to 
the average current through the diode D2. 

In the current modulator of Figure 1, when the 

instantaneous voltage at point 22 on the switchdLxig transistor side 

of the load 12 exceeds the power supply voltage the diode 

D2 does not short circuit the load 12 because ttx& inductance coils 

Ll and L2 are not conduct ively coupled to each o-fcher, wherehy 

there is no DC current path from the point 22 ttxarough the diode 

D2 back to the power supply side of the load 12 _ As a result, 

the instantaneous voltage at the point 22 may swing to as much 

as twice the power supply voltage V e » 

s 

As the switching transistor Ql is switched on with a 
short turn-on time, there will be minimum loss d_xi the transistor 
Ql during the turn-on time because there is low current in the 
inductance Ll for a fast step change. If the sa-fcuratlon voltage 



on the transistor Ql is low, the average power Host in the 
transistor Ql may be minimized during its "on" -fciroe and if the 
transistor Ql is turned off with a very short turn-off time, the 
losses across the transistor Ql during turn-off may be kept 
quite small. Therefore, switching at a high frequency is preferred 

The coils LI and L2 have a very low resistance, 
whereby the heat losses in these coils LI and L2 are quite small. 
Typically/ the current modulator of Figure 1 wi3.1 deliver 
96 percent of input power into the load with four percent being 
dissipated in the combination of the coils LI a»d L2, the 
switching transistor Ql and the diode D2. 

h. preferred embodiment of the current modulator of the 
present invention that is particularly adapted dEor use with a 
transformer as a load is described with reference to Figures 4, 5 
and 6.. The load is the primary winding S of th^ transformer Tl 
is connected between an output terminal V Q and circuit ground. 

The current modulator includes first and second high 
frequency switching devices Qll and Ql2. As in the preferred 
embodiment of Figure 1, the switching devices Qll and Q12 are 
VMOS FET power transistors which are capable of switching at 
high, frequencies , such as 100. kHz. 

The current modulator of Figure 4 fur-fcher includes 
first, second, third and fourth inductance coil s Lll, L12, Ll3 
and L14, first and second diodes Dll and D12, capacitances Cll 
and C12 and a modulating signal generator 24. 

The primary winding P has a center ta^p 26 that is 
connected to a DC power supply terminal V g . 

The first switching transistor Qll is connected . between 
one side 28 of the primary winding P and circui-fc ground for' 
varying the current through the primary winding P in response to 
the first modulating signal applied on line 30 -to the gate of the 
switching transistor Qll from the modulating signal generator 24. 



first J"^*^ ooil "I' is connoted better the 
fxrst transistor on and the one side 2 8 of the pri-ary wiping P 

The second inductance coil L12 is nutnally co»pl e a to 
the fxrst inductance coil Lll for receiving en ergy induce* 
m the first coil Lll by the current variations. The first 
and second coils 111, L 12 are tightly wound on an air . fille<a 
core by a bifilar or preferably a coaxial winding. ^ 
and ™d coils Lll, L12 «. conductively 

L12 and aT"*?**' ^ ** °° UPled tte second coil 

L12 and the other side 32 of the primary p for trarx S - 

ferrmg. the received energy fron the second coU throng the 

the other ^ !f ^ trMSiSt ° r iS 

_ other side 32 of the pruaary winding P and circuit around 

for varying the current through the pria.ary winding P iTr^l nsa 

toe second Modulating signal applied on line 34 J the gateT 

. gtj:::r2r tchiD5 translstor 012 *- 

The third inductance coil LI3 i s connected between th* 

- « - the other side 32 of t *e pr^T 

- third i2 c^lTbyte 1 Z£T?* * 

- ^ „ y ^ e current variations. 

tnird and fourth coilQ-m n >i " . J-xie 

The second diode D12 is couni^ k~4. 
L12 and the one sid. ™ «T " coupled between the fourth coil 

the received 0 ^! 0 IT L^uTl* * ^ a * S:Eerr±ng 

- of the pri^ Kindiftg , to tte ~ ^ ^ ^ -* 



The modulating signal generator 24 is a-dapted for 
applying the first and second modulating signals to the 
respective gates of the switching transistors Q13- and Q12. The 
first and second modulating signals are applied i_n such a manner 
as to cause only one side of the primary winding P to be connected 
5 to circuit ground at any one time. 

A preferred embodiment of the modulating signal generator 
24, as shown in Figure 5, includes an oscillator circuit con- 
sisting of a first hysteresis inverter 61, a resistance Rll 
connected between the input and the output of the- inverter Gl and 
10 a capacitance Cll connected between the input of the inverter Gl 

and circuit ground. 

The modulating signal generator 24 fur-fcher includes a 
second hysteresis inverter G2 having its input connected to 
the output of the inverter Gl; an input amplifier A2, and 

15 resistances R12, R13, R14 and R15. A -reference signal terminal 
V is connected through the resistance R12 to thes inverting 
input terminal of the amplifier A2 . The inverting input terminal 
is also connected through the resistance R13 to power supply 
terminal V" c . The non- inverting input terminal off the amplifier 

20 A2 is connected to circuit ground. The. resistance R14 is connected 
between the inverting input and the output of the* amplifier A2 . 
The output of the amplifier A2 is connected through the resistance 
R15 to the input of the first hysteresis inverterr Gl. 

The oscillator circuit Gl, Rll, Cll provides a square 

25 wave pulsed signal on line 30, as shown in Figures 6A. The 

inverter G2 inverts the signal on line 30 to provide a complementary 
• square wave pulsed signal on line 34. If the sicjnals on lines 30 
and 34 each have the same duty cycle, the averages current through 
the primary winding P of the transformer Tl in trxe current 

30 modulator of Figure 4 will be zero. 
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When the output of the inverter Gl on line 30 switches 
high, the capacitance Cll is charged through the resistance Rll 
to provide a signal at the input terminal 36 of the inverter Gl 
having a waveform as shown in Figure 6B. When the voltage of 
the signal at input terminal 36 rises to the upper switching 
threshold V 2 of the inverter Gl, the output of the inverter Gl 
switches low as shown- in Figure 6A. The capacitance Cll i s then 
discharged through the resistance Rll until the voltage of the 
signal at the input terminal 36 drops to the lower switching 
threshold v x of the inverter Gl, at which point, the inverter G i 
again switches high. . 

The duty cycle of the pulsed signal provided on lines 30 
and 34 from the respective outputs of the inverters Gl and G2 
15 Var±ed by Var * in * **• ra *e «t which the capacitance Cll is 
charged or discharged. This is accomplished by carving the 
current through the resistance R15 to the input terminal 36 of 
the inverter Gl. Such current variation is caused in response to 
a reference signal having a predetermined low frequency -that is 
applied to the reference signal terminal V R . r-fce frequence of 
reference signal is chosen in accordance with *h a t predetermined 
low frequency the current through the primary deling P of the 
transformer Tl is to he varied. Typically, the predetermined 
low frequency is 50 or 60 Hz. • 

The amplifier inverts the referees' signal applied 
to the terminal V R and causes a current to be provided through 
the resistance to R15 the inverter input terminal 36 that 
either aids or opposes the current through the assistance Eli in 
charging or discharging the capacitance cli; 

Hhen the voltage at the. output terminal 38 of the 
amplifier A2 is negative with respect to the average value 

ClMs cnara!d 1 V **** «* finance ' 

Cll is charged slowly and discharged quickly, as shosm to FJ _ 

6C This causes the first inverter output si,n a l 0 n line 30 to 
have a Ion, duty cycle, as shown in Figure 6D. Conversely the 
pulsed output signal cf the second inverter G2 s ^ ltmeo lUy 
has a short duty cycle. 



When the voltage at the output terminal 38 of the 
amplifier A2 is positive with respect to the average value of the 
voltage at the inverter input terminal 36, the capacitance Cll 
is charged quickly and discharged slowly, as shown in Figure 6E. 
This causes the first inverter output signal on line 30 to have 
a short duty cycle as shown in Figure 6F. Conversely, the 
pulsed output signal of the second inverter G2 simultaneously has 

a long duty cycle. 

The imbalance in the duty cycles of the pulsed modulating 
signals applied to the respective gates of the switching 
transistors Qll and Q12 causes the average current flow through 
the primary winding P of the transformer Tl to fee other than zero. 
The amount of current flow through the primary winding P is 
proportional to the difference - between the duty cycles of the 
pulsed modulating signals applied on lines 30 and: 36' to the 
respective gates of the switching transistors Ql and Q2. 

Current flow through the primary winding P is greater 
in the direction from the center tap 26 toward the One side 
28 when the duty, cycle of the pulsed modulating signal on line 30 
is greater than the duty cycle of the pulsed mooVulating signal on 
line 34. 

The variation in the amplitude and dizeection of current 
flow through the primary winding P is in response to the 
variation of instantaneous voltage at the amplidEer output 
terminal 38 in the modulating signal generator 24 . Thus by- 
providing a predetermined low frequency reference signal to 
the reference signal terminal V R , an output signal having 
the prefetermined low frequency is produced at the output terminal 
V Q of the secondary winding of the transformer /XI. Accordingly, 
the current modulator of Figure 4 is particularly useful for 
providing a low distortion sine wave low frequency output signal. 
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of «,« Ba ««Hy- the operation specifics of construction 
^respective combinations of the traMistw 
.011, the inductance coils ui, 1X2 and the diode Dll ^ the 

SfS ri S e iSt0t ° 12 ' indUCt — =43. "4 and the 
diode D12 in the current modulator of Figure 4 are the sam« „„ 

5 those of the cognation of the switching transit™ 

rnductance^oils Q l. Q2 and the diode Dl in the current viator 

A unique f eafere of the current modulator of Ficmxe 4 

10 P to provxde additional efficiency. This nay ba se^olw 
If the two diodes, Dll end D12 had ttelr ^^^^ 
the power supply terminal v; The received energy !°„ 
L2 and M still would be returned to the power J^lT ^ 
when these two diodes oil end M2 are W^SS't. ^T" 

Figure 4, then the recovered energy fi^ not 0:nl bacl 
power supply, hut returns to the power suppiy t^rou^e 
opposite non-conducting side of the primary LcfUna JT«, K 
provides added volt-ampere turns to L. T thereby 
- the recovered energy from ^Z^^T™^. 
coils tries to generate a high voltage ^ 

clod P S ^ f ° deS ^ D12 ' ^ — 

oiodes Dll, D12 tends to be relatively constant f or diff e~»* 
voltages during the energy recovery period. 
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CLAIMS 



1 A current modulator for modulating the current 
flowing through a load from a DC power wupply to circuit ground, 

CODPriSin9 a etching device connected between the load mnd 
circuit ground for varying the current through the load in 
response to a modulating signal applied to the swxtdung device; 

a first inductance coil connected between the switching 

device and the loads ■■ 

a second inductance coil mutually coupled to the first 
coil for receiving energy induced in the first coil by said 
current variations, the second coil being conductive* rsoXated 

from the first coil; and 

a diode coupled between the second coil and the power 
supply side of the load for transferring the received enexrgy to 
the power supply side of the load. 

2. A current modulator according to claim l f wherein the 
switching device is a high frequency switching device. 

3. A current modulator according to claim 2, further . 

C ° mPriSing m eans for applying a high frequency pulsed modulating 
signal to the switching device. 

4. a current modulator according to claim 3, wherein 
the switching device is a MOS semiconductor device. 

5. A current modulator according to claim 4, wherein 
the switching, device is a VMOS FET power transistor. 



6. A current mediator according to claims 3 or ^ • 
switching device comprises 

signaX, anf ^ ** ^ 3 » 

second means for varying the duty cycle of «,. 
signaX at a predetermined Xow frequency J-^"^^ 
the h lg h r regency pulsed modulating signal for vLLTtL 
current through the load at the predetermined ^ 2^. 

the second'mean^Tatp::^ *°- ^ 

s is adapted for varying said duty cycle ir. 

^ indujnce^trrro:::^ to 

^ng through" ."STS^ 

connected to the load, comprising 1 DC ^ S ™ 

of the ion: ^jsrsLrs - — 

the load in response to a fir.* ="«rrent through 

the fir st switching deCiL; — J- appli* to 

a first inductance coil connected between th. „ 
switching device and the one side of the load! 

a second inductance coil mutually cou^T *„ ^ 
ooil for receiving energy induced in the f LTo^l V 
ourrent variations, the second coii heing co n^ej ^ 
isolated from the first coil; auc-tively 



a first diode coupled between the second coil and. 
the power 1 supply for transferring the received energy from the 
second coil to the power supply; 

a second switching device connected between the other 
side of the load and circuit ground for varying* the current 
through the load in response to a second modulating signaX 
applied to the second switching device; 

a third inductance coil connected between the second 
switching device and the other side of the loadL ; 

a fourth inductance coil mutually coia;pled to the third 

coil for receiving energy induced in the third coil by saxcl 

current variations, the fourth coil being condxactively isolated 

from the third coil; 
i 

a second diode coupled between the fo-urth coil and 
the power supply for transferring the received energy from the 
fourth .coil to the power supply; and 

means for applying the modulating signals to the 
switching devices to cause only one side of the load to be 
connected to ground at any one time. 

10. A current regulator according to claim 9, 
wherein the first diode is coupled between the second 
the other side of the load for transferring the 
energy from the second coil through ttxe other side of 
to the power supply; and 

wherein the second diode is coupled between the fourth 
the one side of the load for transferring the 
energy from the fourth coil through the one side of 
to the power supply . 



coil and 
received 
the load 

coil and 
received 
the load 



11. A current regulator according to claim 10, for 
use with a load having a center tap, further comprising 

means for connecting the center tap to the power- 
supply. 

12. A current regulator according to claim 10, wherein 
the switching devices are high frequency switching devices. 

13 - A current modulator according to claim 12, 
wherein the switching devices are MOS semiconductor devices . 

14. A current modulator according to claim 13, wherein 
the switching device is a VMOS FET power transistor. 

15. A current modulator according to claim 12, wherein 
the means for applying the modulating signals .to the switching 
devices are adapted for applying high frequency ovrlsed modulating 
signals. * 

16. A current modulator according to claims 14 or 15 
wherein the means for applying the modulating signals to the ' 
switching devices comprises 

a first means for generating first audi second high 
frequency pulsed signals that are complementary to each other; and 

second means for varying the duty cyc3.es of the first 
and second high frequency pulsed signals at a predetermine* 
low frequency to thereby provide the first and second modulating 
signals for varying the current through the loacL at the pre- 
determined low frequency * - • 



17. A current modulator according to claim 16, wherein 
the second means is adapted for varying said du-fcy cycles in 
response to a reference signal having said predetermined low 
frequency. 

18. A current modulator according to claim 15, wherein 
the inductance coils have air cores. 
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